This paper presents a study on a possible control concept for micro-or partial gravity flight of conventional aircraft that can be implemented in any aircraft with a minimum in effort. The method makes use of a conventional pitch rate controller to track the continuously changing pitch rate along the desired micro-or partial gravity trajectory. As a first step towards automatic flight this principle is used to design a micro-and partial gravity flight director. The flight director has been experimentally evaluated in a fixed base manned simulation and its performance checked against other flight director principles. Pilots unanimously pointed out this flight director as their favorite one and it also showed the best performance. A baseline version will be implemented and flight-tested in the Delft University Cessna Citation research aircraft in the near future.
Introduction
In a wide range of scientific disciplines experiments are performed under microgravity conditions to investigate the influence of gravity on systems. These investigations range from physiological experiments on the human body to experiments on the level of molecules in fluids. The required duration of the microgravity periods for these experiments varies from seconds to days or even years. Depending on the duration, some of these experiments can be performed in aircraft in atmospheric flight.
The option of flying partial gravity trajectories, where the specific acceleration lies somewhere in between 0 and 1 times the earth gravitational acceleration, is becoming more and more desired nowadays. It would for example be of interest to simulate the Martian gravitational environment, which is approximately 3/8 times the earth's gravitational field. In principle this should be possible in an aircraft flying a curved trajectory.
In case of microgravity flight the pilot flying the maneuver is able to perform well using only human senses and simple aids, like an accelerometer to show the gravity level. When flying a partial gravity track this may be too much to ask from the pilot. A good and helpful flight director would be beneficial in this case.
In the past a successful attempt has been made by the Delft University of Technology (TUD) to build and fly a microgravity flight director With the introduction of a new Flight Test Instrumentation System (FTIS) for the TUD research aircraft, more flexibility in designing and testing of new displays has been created. With the safety pilot in the left seat, the experiment pilot can fly the aircraft from the right seat to evaluate the mounted display. This flexibility is used to design a flight director not only for microgravity flight but partial gravity flight as well.
A control concept is proposed which makes use of the a priori known pitch rate and pitch acceleration during a parabolic or partial gravity trajectory. The concept is illustrated by simulations of partial gravity maneuvers of the Cessna Citation research aircraft.
Different partial gravity flight director designs, based on the proposed control concept but also on more conventional designs, have been implemented and tested in a fixed base simulation in the HumanMachine Interface (HMI) laboratory of the TUD Faculty of Aerospace Engineering.
The most promising concept will be tested in actual flight in the Cessna Citation II laboratory aircraft, which is owned by the TUD Faculty of Aerospace Engineering and the Dutch National Aerospace Laboratory (NLR).
Specific acceleration
In order to expose a payload to a certain g level, accelerometers placed at the position of the payload should maintain a constant output in three independent directions. The quantity, which has to be controlled, is the specific acceleration. Since the payload, which will be attached to the aircraft is to be exposed to partial gravity, the specific acceleration at the payload must be constant both in magnitude and direction relative to the aircraft's body fixed reference frame.
To clarify, consider a point mass m in the gravity field of the earth, subjected to an aerodynamic force R , thrust T , and gravity force F . The acceleration of the point mass is:
However the output of an accelerometer fixed to the point mass is:
a * is the specific acceleration and R T + is the specific force.
To maintain a constant specific acceleration g λ * = a the specific force should be: As a first approximation it is assumed that thrust acts in the direction of airspeed and cancels drag during the trajectory. In this case only lift generates the specific force, refer to figure 2.1. The main focus will be on the control of the aircraft about the lateral axis by means of the elevator.
In the following a microgravity flight will be considered as a special case of a partial gravity flight. So in this paper the class of flights will be considered where for the specific acceleration λg holds: 0≤λg<1.
The proposed control concept
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In order to fly a partial gravity trajectory the forces on the aircraft must be controlled very accurately. The proposed control concept aims at easy implementation in any aircraft and therefore a different strategy has been followed to come to a control concept. A minimum amount of knowledge of the aircraft dynamics is required to implement the proposed flight director or autopilot.
Another important advantage of the concept is that it does not try to follow a certain predefined trajectory. After each perturbation from the nominal trajectory the perturbed aircraft state is taken as a new initial condition for the next nominal trajectory. The partial gravity trajectory may be considered as an infinite number of initial conditions, together making up the trajectory.
One way or the other the forces on the aircraft must remain constant while the airspeed V, pitch angle θ and flight path angle γ change according to the required trajectory. This means that for example during microgravity flight the lift on wing and stabilizer must be exactly opposite, while at the same time generating the required moment about the lateral axis to rotate the aircraft to meet the required pitch angle at each instant in time.
In the proposed control concept use is made of the a priori knowledge about the trajectory following an initial condition (V 0 , γ 0 ). From the initial condition it is possible to calculate the required pitch rate q a time interval ∆t later. This predicted reference value for q, together with the actual value for q can be input to a PID q controller, which gives the required elevator angle to minimize the difference .
Zero gravity flight
The equations of motion during an ideal zero g trajectory (refer to figure 2.1):
The velocity and position components in a point of a zero g trajectory following on an initial condition and
The velocity V and flight path angle g during the parabola are found as follows:
Taking the first time derivative of V and first and second time derivative of g :
It is now possible to calculate g and V at time t = 0 where V and
10)
The pair g 0 and V can represent any point of the zero g trajectory, not only the starting point of the parabola. The parabola is considered as a series of initial conditions. Therefore in the following the subscript "0" will be omitted in V and
It is also possible to generate a prediction of q ref and its derivative in order to compensate for time delays in the system by substituting in equations (3.5) -(3.7).
Partial gravity flight
In the same way one can derive for the more general case of a partial gravity flight, starting with initial condition {h 0 ,v 0 }= {Vcos(γ), Vsin(γ)}:
Again, it is possible to calculate (3.11) -(3.13) for values of t t = π D 0, although it requires more calculation effort.
The q-controller
The flight path angle and its first and second time derivative are given by:
Combining this with equations (3-12) and (3-13) the reference pitch rate q and its first time derivative for a partial gravity track are found:
It is assumed that airspeed V and flight path angle γ are continuously measured during flight, however a and a , which are small quantities, cannot be accurately measured. Instead, the deviation of n z from the desired value is used to correct q . When u, v, w are the velocity components along the body fixed reference frame, the acceleration along the zaxis in the center of gravity of the aircraft is given by:
The first time derivative of the angle of attack can be approximated as: 
Desktop simulations
A non-linear model of the Cessna Citation laboratory aircraft was implemented in Matlab/Simulink. Special care was taken to model the short period dynamics correctly. The fidelity of the simulation was checked with flight data obtained from flights where the short period mode oscillation was demonstrated to students by recording the response to an elevator step input. Based on the modeled dynamics a PI q controller was designed with proportional feedback gain 4 sec and integrator feedback gain 8. The reference pitch rate value was calculated from flight path angle, airspeed and normal accelerometer output as described in equation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . It was assumed that the thrust was always counteracting the drag on the aircraft. 
Fixed base manned flight simulation
The desktop simulations clearly showed that the control concept can be successfully applied to any conventional aircraft when sufficient knowledge of its short period dynamics is available to design a qcontroller. As a first step towards autoflight the principle was applied to a flight director design. To evaluate its relative performance, different flight director designs were tested in a manned flight simulation experiment.
The experiments were conducted in the Human Machine Interaction (HMI) Laboratory of the Faculty of Aerospace Engineering of the Delft University of Technology. This laboratory consists of a fixed-base flight simulator with two 18" Liquid Crystal Displays (LCD), a hydraulically actuated side-stick and rudder pedals and optionally an outside view projected on the wall of the laboratory. For this experiment only one of the LCD displays was used to project a primary flight display with flight director symbols. The aircraft dynamics were simulated using a non-linear model of the Cessna Citation 550, which was frozen in roll and yaw.
The simulation runs under DUECA 3 (Delft University Environment for Communication and Activation), a middleware layer to facilitate the implementation of simulation models in a distributed real-time simulation environment.
Flight director display
Two different flight director displays were designed, display type 1 and display type 2, as shown in figures 6.1 and 6.2.
Display type 1 shows both a reference value and an actual value of a control signal. A yellow flight director symbol (the upper one in figure 6.1 and 6.2.) represents the desired value and the white symbol (the lower one in figure 6.1 and 6.2) the actual value of the control signal. Display type 2 shows only the error signal, meaning that the yellow flight director symbol is fixed to the pitch symbol and only the white symbol is moving.
Figure 6.2: Display type 2
The rationale behind display type 1 is that it is supposed to provide feedback to the pilot about the magnitude and rate of change of the desired value of the control signal, by observing the speed with which the yellow symbol is moving away or towards the pitch symbol.
For example, in case the yellow symbol represents the desired pitch rate q ref and the white symbol represents the actual pitch rate q, the distance of the yellow symbol to the pitch symbol is a measure for the magnitude of q ref and the speed with which the yellow symbol is moving away or towards the pitch symbol is a measure for q .
ref The pilot's task is to control the pitch rate q of the aircraft by following the required value. By not only showing the error signal the pilot will have more information to accurately fly the requested trajectory, which by nature requires a non-steady pitch rate.
Tested flight director configurations
Thirteen different flight director configurations were implemented. They are summarized as EX 1-EX 13 in 
Figure 7.2: The transfer function showing the manipulated dynamics of the displayed signal q -q ref
De rest of the flight director configurations show specific acceleration to the pilot. In configuration EX 5 the specific acceleration error is displayed directly, while in configuration EX 6 it is scaled by dynamic pressure and in configuration EX 7 it is filtered in the same way as described above, but with a different filter. Configurations EX 8 and EX 9 are implementations of the flight director proposed by Hosman 1 with zero lead and with 0.2 sec lead, respectively. Configurations EX 6 and EX 8 are identical, providing the opportunity to check the consistency of experiment results.
In configurations EX 10 -EX 13 the same PI qcontroller is applied as in the desktop simulations. The display will now show the actual and required elevator deflections or the difference thereof, according to the display type used. In configurations 
Experiment set-up
Three test subjects flew 13 different flight director configurations with two different g-conditions, 0.00g and 0.38g, the latter corresponding with the Martian gravitational constant. The 0.38g condition was only tested with the first 9 flight director configurations. The pilots flew 5 consecutive maneuvers for each combination of flight director configuration and glevel.
Each maneuver consisted of an acceleration phase where the aircraft was accelerated to 280 KIAS, a pull-up with 2g, the flight director guidance phase and finally the pull-out with 2g. The flight director did not provide guidance in the pull-up and the pullout phase. For the 0.00g set-point the aircraft was pulled up to 55∞ pitch and in case of the 0.38g setpoint to 40∞ pitch. Thrust was automatically set for zero longitudinal specific acceleration.
Experiment results
The quality of each maneuver was determined by calculating the mean, the root-mean-square (RMS), the standard deviation, the duration and a quality factor Qtime of the load factor n z . These values were determined over the interval where the loadfactor first entered the region within 0.15g from the desired value, to the moment the loadfactor left this region at the pull-out. The quality factor Qtime is defined as:
9.1. The 0.00g condition A first overview of pilot performance in the 0.00g condition for each of the 13 flight director configurations can be obtained from figures 9.1 and 9.2. These figures show that pilots performed best with configuration 2. Pilot comments also unanimously pointed out configuration 2 as the favorite one. Pilots 2 and 3 indicated that they disliked display type 1 and preferred display type 2. The moving flight director symbols caused confusion and did not contribute to pitch rate and pitch acceleration awareness. The main reason for this is the pitch ladder, which also moves relative to the pitch symbol.
It appears that gain scheduling the displayed error signal by dividing it by dynamic pressure, does not significantly alter the pilot performance. In case of displaying it seems to help, but in case of displaying the (q-q signal it seems to have an adverse effect.
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The classical way of designing a flight director by pre-filtering the error signal to anticipate aircraft The problem is that past performance influences the actual displayed error signal. The flight director will compensate a positive deviation from the desired glevel in the past with a negative deviation in the future, causing only correct guidance in the long run when no more mistakes are made.
Configuration 7 forces the pilot to fly the parabola that follows from the initial condition, which existed at the time the flight director, became active. Each deviation from this parabola leads to another deviation from the desired g-level in order to return to the original parabola. In the same situation in configuration 4, q ref will be adjusted to a new initial condition, explaining the better performance of this configuration.
An extra handicap of configuration 4 and 7 was that the flight director only became active when the actual g-level was within 0.15g from the desired g-level, causing an unavoidable transient effect. Pilot 1, who received most training, shows better results with configuration 4.
Configuration 8, the flight director principle as proposed by Hosman 1 with zero lead is exactly the same as configuration 6. The Hosman configuration with 0.2 sec lead seems to perform worse than the configuration without lead-time, but it must be remarked that the 0.2 sec lead was found optimal during flight tests in the real aircraft. These conditions do not compare with those of the fixed base simulations in the laboratory. Figure 9 .4 shows the pilot performance using the first nine configurations for the 0.00g and the 0.38g condition. Performance in terms of RMS value of n z is higher than in the 0.00g condition, probably because of the smoother trajectory. Figure 9 .5 shows the results in terms of RMS(n z ) for the 0.38g condition per pilot. More or less the same trend can be observed for all pilots, with an exception for configuration EX 1 for pilot 1.
The 0.38g condition
In the 0.38g case configuration 3 seems to be best performing, although it is close to configuration 2. Scaling the displayed error signal with dynamic pressure has a positive influence in the 0.38g case, although the results found in this experiment are not significant. AMERICAN Unfortunately, no significant results can be deduced from these figures. The trend seems to be a decreasing quality of the maneuver with increasing prediction time, although possibly a small benefit can be expected from small prediction times in the order of 0.05 sec.
Although performance did not improve in the fixed base simulation, it is very well possible that in real flight a prediction does have a benefit, because it can compensate for inherent time delays in the aircraft instrumentation that are absent in the ideal circumstances of a simulation environment. 
Conclusions
The control concept that was introduced offers the advantage of easy implementation and requires little knowledge of the aircraft dynamics. Only longitudinal and normal specific acceleration, pitch angle θ, pitch rate q, angle of attack α and true airspeed V are required to calculate the reference pitch rate q ref .
Some knowledge about the short period dynamics of the aircraft helps in designing a stable and effective pitch rate controller to track q ref .
The same control concept enables partial gravity flight where the specific acceleration lies somewhere in between 0 and 1g.
It is easy to generate predictions of the reference pitch rate to compensate for time delays in the system. As opposed to direct control of the normal specific acceleration no specific knowledge of aircraft dynamics is required to generate a prediction.
Manned flight simulation showed that the control concept applied to a flight director gives the best pilot performance, both in a 0.00g and a 0.38 g condition.
Future work
The flight director will be installed in the Cessna Citation II research aircraft and tested in actual flight. An optimal prediction time will be determined to compensate for system delays and guidance will be extended to entry and recovery of the maneuver. In a later stage it will be attempted to use the elevator trim tab servo to control the normal specific acceleration during automatic partial gravity flight.
